INTEGRATED HETERODYNE ARRAYS FOR FIR SPECTROSCOPY
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ABSTRACT

Theadwentof largeformat (~100pixel) spectroscopigmagingcameraat submillimeterwavelengthsvould
fundamentallychangeheway in which astronomyis performedn thisimportantwavelengthregime.While
thepossibility of suchinstrumentfasbeendiscussedor morethantwo decadegGillespie& Philips1979),
only recentlyhave advancesn mixertechnologydevice fabrication micromachiningdigital signalprocess-
ing, and telescopedesignmadethe constructionof suchan instrumentpossibleand economical.ln our
paper we will presenthe designconceptfor a 10x10heterodynecameradesignedo operateat the prime
focusof oneof the8.4m mirrorsof the Large BinocularTelescopenow underconstructioron Mt. Graham,
Arizona.Thearraywill be optimizedfor spectroscopistudiesof galacticstarformationregionsin the 350
micronatmospheriavindow. Eachpixel of thearraywill producean11” diffractionlimited beam.Thearray
field of view will be~3.7x 3.7 arcminutes.Theuniqueopticalandmechanicatlesignof the LBT allowsthe
instrumentto be ‘swung’ into placein a matterof minutes.Theinstrumentwill befully automatedvith all
100 spectraavailableon line after eachintegration. SuperCantould be readyfor obsenationson the LBT
as early asdil 2003.

The ability to obtainimagesand spectrasimultaneouslyis key. In
one day of operation,the proposednstrumentwill be capableof
obtaining more high-resolutionspectrathan have ever beencol-
lected through the 350 micron atmosphericwindow. The array
technologydevelopedhereis directly scalableto otherfrequenyg
regions and hasimmediateapplicationsin remotesensingof the
Earthandits atmosphereaswell as space-basedommunications
systems.

The 100 pixel superconducting/spectroscoiamera(SuperCam)
will be designedo operateat the prime focusof one of the 8.4 m
mirrors of the Large Binocular Telescopg(LBT), currently under
constructionon Mt. Graham,Arizona. The array will be initially

L . ) . ; Figure 1: The array footprint of
optimized for spectroscopicstudies of Galactic star forming  qperCamat 4.7 THz and 2.0 THz

regions.Eachpixel of thearraywill producean 11 arcseconddif-  overlayed on the Horsehead Nebula
fractionlimited beam.Thearrayfield of view will be~3.7x 3.7arc  Each circle represents one diffractic
minutes.The ‘footprint’ of thearrayonthestarformingcloudM16 limited beam (FWHM).
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is shavn in Figure 1. The unigueoptical and mechanicaldesignof the LBT allows the instrumentto be
‘swung’ into placein a matterof minutes.SuperCantould bereadyfor obserationsonthe LBT asearlyas
fall, 2004.

Figure 2: SuperCam
mounted on the SOFIA
telescope flange, with FIR
laser LO, correlator and
control electronics
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Figure 3: The SuperCam
3He cryostat, with
"motherboard" based
electronics providing
cryogenic isolation.

The future location
of the array cryostat
onthelLBT is shavn
in Figure2. A blow-
up of the closed
cycle cryostat used
to cool the array is
illustrated in Figure
3. At the heart of
SuperCam is an
array of waveguide
mounted, Hot Elec-

tron Bolometer
(HEB) mixers (Fig-
ure 4). The

waveguidearraywill
be fabricatedwith a
custom,lasermicro-
machiningsystemat
the University of
Arizona. Due to the
smallf/# atthe LBT
prime focus (f/

1.142), the separa-
tion between indi-
vidual mixers is ~1
mm. The entire
mixer array will be
1.5x 1.5 cm. Only
the feedhornsthem-
sehes are neededto
efficiently couplethe
mixers to the pri-
mary mirror. The
arrayis wire bonded
to the central ‘hub’
of three thermally-
isolated, nested
framesthat form the
array motherboard.
Themixer arrayoperatest a physicaltemperaturdetweeril.5and4K. Theinnerframeis at 12K andcon-
tainsthefirst stageof IF amplification(~10dB) andthe necessarpiascircuitry. Thesecondrameis at 60K
andhasan additional30 dB of IF amplification.The third frameis at 300K and contains~60 dB morelF
amplificationandis wherethe IF signalsareconnectedo coaxialcable.Beforethis point, the IF signalsare
conveyed from one stage to another via microstrip lines.

1.5cm
Figure4: The 91

pixel array of
dual mode feedhorns

Figure5: Cross section view of a single pixel. Thearray is
composed of three main sections: the horn block, the bolometer
wafer and the backshort block.

TheHEB is theidealmixing device for anarrayapplicationbecaus¢hedeviceis relatively easyto fabricate,
andrequiresno magnetidield. SISjunctionsoffer goodperformancebut arevery difficult to fabricatewith

the closeto 100%yield we require.Sinceall devicesarefabricatedand mountedon a singlenitride mem-
brane we cannotchooseandindividually mountthe bestdevices.In addition,the 15mmx 15mmsizeof the



mixer array makesit impossibleto provide a separatanagnetfor all 100 devices. A single,large magnet
couldbe used,but the resultingmagneticfield would not be optimumfor all the devices.Comparedo SIS

junctions,HEBs areeasyto fabricatejncreasingheyield for a givenrun. In addition,they requireno mag-
neticfield. Currently the performanceof HEBsis competitive with SIS junctionsat 810 GHz, andarethe

preferreddevice above 1 THz. New technologieslik e thelow Tc HEBsbeingdevelopedat Yale, promiseto

outperformSIS junctionsat 800 GHz and abore (Siddigi 2001). Figure 5 shavs the Yale Nb-Au bilayer
HEB device, bothasa schematiandasa SEM image.Supercantould be constructedvith morecommon
Nb HEBs, or could be usedwith low Tc¢ deviceswith the additionof a commerciallyavailable 3He stageto

the JT refrigerator

Figure 6 is a detail of the
mixer block itself. The
mixer block is made of
eight layers, in three sub-

Yale DPL

[] Au150 nm ) sections: the laser micro-
4 . machined horn block, the
vzz Au10nm ey - CK,
A~ .~ T ¢ bolometerblock, with the
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Ve Thick Nb+ Au e devices fabricated on

nitride membraneon a sili-
con frame, and a silicon

Figure 6: A schematic representation of the Yale bilayer low Tc HEB device bacl_<sh9rt block. All the
a SEM image of a device fabricated using this concept. fabrication steps can be
done with laser microma-

chining,wet etching,thin film depositionande-beanevaporationThestructures designedo beself-align-
ing to simplify assemblyThe horn block consistsof linear arraysof lasermicromachinedeedhornsgold
plated and bondedtogetherin a 2-D array The bondedarray is then laser micromachinedaroundthe
waveguidethroatsto createa PhotonicCrystalJunction(PCJ)to preventleakageof field into the substrate
(Hesler2001).The hornscouldbe eithercorrugateddualmodehorns,or smoothwalled Potterhorns.Potter
hornsareeasietto fabricate put have a 10% bandwidthascomparedo the 30% of a corrugatedhorn. Since
the 10% bandwidthof the Potterhorn coversthe entire 800 GHz atmospheriavindow, thesewould be suit-
ablefor SuperCamThe SuperCammixer designdoesprovide goodperformancdrom ~750-1100GHz, soa
corrugatedhornwould be necessaryo cover the entireusablebandwidthof the mixer. Dueto thevery small
f/ID of the primary, a standardPotterhornor dual modecorrugatedhorn designhastoo directionala powver
patternto yield a desirableedgetaper HFSSmodelinghasshown thatlesseninghe flare angleof the horn
while holdingthe otherparametersonstanbroadenshe beamwithout compromisinghe beamshapeWith
this modifiedhorn design,it is possibleto matchthe beamto the primarywith a 10-15dB edgetaper The
bolometemlock is fabricatedrom a silicon waferwith a silicon nitride membranalepositedn its top sur-
face.The devices are fabricatedon this robust wafer before etching. With the bolometercappedoff, the
waferis thenwet etchedfrom the rear creatinga pyramidal pocket for eachmixer, with a nitride window
carryingthe HEB. The nitride membraneprovidesthe etchstop. The final components a backshortlock,
fabricatedrom a silicon wafer Pyramidalpillars that matchthe cavities createdn the backshortlock are
wet etchedusing photolithographictechniquesThe waveguide backshortsare then lasermicromachined
into thetopsof thepyramidalpillars, alongwith PCJcrystals Finally, theentirewaferis gold plated.A more
detailedoverview of the mixer design,with detailedfull-w ave electromagnetisimulationsof mixer perfor-
mance, can be found in these proceedings in a paper lopiJ. K

Au
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Oncethesignalleavesthe mixer block, the next challengds to build anIF chainwith suitableperformance
thatis alsocosteffective. The motherboardiesignof SuperCanallows the useof smallsurfacemountcom-
ponentsMMIC based_NAs aresmall,andhave low power consumptioranddissipation)endingthemto a
space-criticakryogenicdesign.Many groupsareworking to develop high performanceMMIC ampsthat
would be useful for SuperCamIn addition, it is possibleto useinexpensve MMIC ampsdevelopedfor
communicationgpplicationsTheseamplifiershave limited bandwidthcomparedvith custommadeMMIC
LNAs, but areextremelyinexpensve. This type of MMIC is not designedo operaten acryogenicerviron-



ment,sotestingis necessaryo determingf theampwill survive thermalcycling, andwill operateatalow
temperaturavith suitableperformanceAn exampleis the Maxim 2640LNA. This amphassurvived multi-
ple cryogeniccyclesto 77K by beingimmerseddirectly into a LN2 bath,andallowedto warmin theambi-
entatmospheravith no protectionagainstwatercondensationin addition,we measure@ noisetemperature
of 16K ata 77K physicaltemperaturefrigure7 shavs theampmountedon a testfixture thatwasusedin the
cryogenictests.Thesetestsleadusto believe thatthis ampcould exhibit singledigit noisetemperaturest
12K or 4K. Gainwasmeasuredo be12 dB at 77K. Sincetheamplifieris sosmallandinexpensve, multiple
devicescanbecascadedtb generateherequiredgain. Furthertestsarenecessarybut this ampis anexample
of may easily gailable communications components that could be used for the SuperCam IF chain.

TheLocal Oscillator(LO) will beeitheranew generatiorhigh power solid stateL O or anexisting far-infra-
redlaser The LO is injectedby shiningit directly into the cryostatwindow via the tertiary mirror of the
LBT. Sincenodiplexeris neededall theavailableLO poweris availableto the mixers.Also, the closespac-
ing of the mixersin the focal planerelative to the horn aperturegivesa focal planefilling factorof greater
than50%. This meanghat flood illumination of the focal planeis sufiicient, negating the needfor a phase
gratingor otherbeamforming system.To reducecryogenicloading,the 4-wire biasnetwork will belocated
onthe 12K stageof the arraymotherboardphantomfeedingthe biasto the mixers.Eachmixerwill beindi-
vidually biasedundercomputercontrol. Thearray’s controlelectronicsarebasedn a provendesignusedin
mary of Stevard Obsenratory’s single and multipixel recevers. The currentdesignis basedon 4 channel
biascards,with analogmultiplexer cardsfeedinga PC dataacquisitioncard. This systemcould be usedfor
SuperCanin its currentconfigurationput new cardscouldeasilybedesignedo take advantageof highden-
sity surbice mount components, allimg 8-10 channels of bias per card.

The baclend spectrometer

for thearraywill consistof

100, 128 MHz wide, 2-bit

correlator chips each with

128lags. By restrictingthe DIGITAL CORRELATION SPECTROMETER
correlatorto a single chip
per channel, platforming
problems are avoided. In
addition, the simplification T SR ANNES At AR
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will be deS|gnedfor e_asy Figure 7: A schematic diagram of the Spaceborne Inc. 100 channel digital autocorrelator
upgrades,so future, wide with relavent specifications for the first generation system.

band correlator chips can

befitted whenavailable.Thesecorrelatorchipscouldoffer up to 2.5 GHz of bandwidthandwill beavailable
in the nearfuture. (Timoc 2002). Figure 8 shawvs a schematiadiagramof the correlatordesign,which fits
into asingle19” VME crate.The resultingvelocity coverage(47 km/s) andresolution(0.87 km/s)is more
thanadequatdor surneying mostGalacticstarforming regions.With upgradedtorrelatorchips,extragalac-
tic obserations with bandwidthsxeeeding 900 km/s with 7 km/s resolution are possible.

Dueto its size,designandlocation,theLBT is anidealinstrumentonwhich to testandoptimizethe perfor-
manceof SuperCamOn the LBT, SuperCanwill be operatedprimarily duringtwilight anddaylighthours
whenthe atmospheriopacitydropsbelon 0.05at 225 GHz. Within theseconstraintsMt. Grahamsite sta-
tisticssuggesthearraywill have ~100hrs.of quality observingime from Nov.-Feb(Wilson 2002).Assum-
ing atypical scanwill beanhourin length,this translatesnto ~10,000spectrgperyear OnceSuperCanhas
beenusedsuccessfullyonthe LBT for atleasttwo years,we planto deploy it, or its clone,on the Nasmyth



focusof the 1.7 meterAntarctic SubmillimeterTelescopeandRemoteObsenatory (AST/RO) locatedat the
SouthPole. From this site, SuperCamwill be ableto collect over 200,000spectraper year (Stark 2001).
Ultimately, SuperCAMwill be usedon the future SouthPole8 metertelescopewhich will have anoptical
design ery similar to the LBT (Stark 1998).
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